The glucan that was produced by glucosyltransferases (GTFs) from Streptococcus mutans was examined for its stimulating functions toward murine peritoneal macrophages. Soluble glucan was obtained by the reaction with cell-free crude GTFs and sucrose, followed by ethanol precipitation, dispersion in water and reprecipitation by ethanol. Soluble glucan, those average molecular weight was about 3 Â 10 5 , was composed of mixture of -1,6 and -1,3 linkages in a 3:1 ratio. When 30 and 60 g/ml of the glucan was incubated with peritoneal macrophages, the lysosomal phosphatase activity was increased in a dose-dependant manner, indicating that soluble glucan may activate macrophages. To examine its effects on the various functions of macrophages, soluble glucan was orally administered daily at a level of 100 mg/kg of body weight to C57BL/6 mice. Significant stimulation of the production of H 2 O 2 by the macrophages was observed without any increase in NO production. The production of tumor necrosis factor-(TNF-) by the macrophages was also stimulated from 538.73-555.06 pg/ml to 585.73-596.40 pg/ml during 15 days of oral administration of soluble glucan. The cytotoxicity of peritoneal macrophages against B16 tumor cells was significantly enhanced by 25-38% during 15 days of oral administration. These results may indicate that soluble glucan stimulates the immune functions of macrophages.
Activation of B, T lymphocytes and macrophages that act as the backbone of an immune system is accomplished through cell differentiation. Many studies have been focused on searching for compounds of natural origin that possess with such immune cell-stimulating activities. [1] [2] [3] [4] Glucans that are composed solely of glucose with various -and -linkages are very important bio-components in nature. Cellulose, glycogen, amylose and amylopectin are the most abundant and well-known glucans. It is widely believed thatglucans, which are mostly present in the cell wall of crops, mushrooms and yeast, are the most powerful immune stimulant, as well as being a very powerful antagonist to both benign and malignant tumors. [5] [6] [7] [8] [9] [10] glucans are involved in a variety of defense responses such as antitumoral and antiviral activities, resistance against bacterial infection, and macrophage and monocyte activation. [11] [12] [13] [14] [15] The activities of -glucans seem to come from the induction of non-specific immune responses in host immune cells, especially macrophages that are known to produce and release various active products for nonspecific primary defense against foreign infectious agents. 16) In contrast to -glucans, the biological activities ofglucans have been poorly investigated. -glucan from the lichen, Ramalina celastri, has shown activity as a biological response modifier. 17) A newly developed source of glucans is based on the bio-synthetic capability of microorganisms that produce glucans both extracellularly and abundantly. [18] [19] [20] Streptococcus mutans possesses three glucosyltransferases (GTFs) (EC 2.4.1.5) capable of catalyzing the synthesis ofglucan. 21, 22) GTF-I produces a water-insoluble glucan called mutan which is rich in -1,3-glucosidic linkages. The glucan produced by GTF-S is similar to dextran that is mostly water-soluble and rich in -1,6-linkages. GTF-SI produces a mixture of water-soluble and insoluble glucans. There have been a few studies on the biofunctional properties of these -glucans produced by GTFs from S. mutans. This study is therefore focused on investigating the possible functions, especially macrophage-stimulating activities, of glucan from S. mutans.
Materials and Methods
Preparation of soluble glucan. Cell-free crude GTFs were obtained by inoculating S. mutans KFRI 1172 in BHI broth for 24 h at 37 C, removing the cell debris by centrifugation (4 C, 10,000 g, 10 min) and passing through a 0.22-mm filter. Crude GTFs were then y To whom correspondence should be addressed. Tel: +82-31-780-9097; Fax: +82-31-709-9876; E-mail: choiw@kfri.re.kr incubated with 1.0% sucrose and 0.1% sodium azide for 48 h at 37 C. After the water-insoluble glucan had been removed by centrifugation, the water-soluble glucan was further fractionated into ethanol-soluble and ethanolinsoluble glucans by 70% ethanol addition and centrifugation. The precipitate of the ethanol-insoluble glucan was collected, dried, powdered and suspended in deionized water, before being centrifuged. After the supernatant had been recovered, flavourzyme Ò (Novozyme, Krogshoejvej, Bagsvaerd, Denmark) was added (6 mg/ml), and the mixture incubated for 8 h to hydrolyze the contaminating proteins in the supernatant. Ethanol precipitation was then repeated to obtain the precipitate. This precipitate was solely composed of glucose according to the results of acidic hydrolysis and subsequent HPLC analysis, and this was named ''soluble glucan''. The average molecular weight of the glucan was estimated by Sepharose CL-6B gel filtration chromatography.
Analysis of the linkage position of soluble glucan. A methylation analysis was applied to analyze the properties of glycosidic linkages in the soluble glucan.
23) The soluble glucan was deesterified by adding 0.2 M NaOH at room temperature. For complete conversion into a polyalkoxide, methyl sulphynyl carbanion was added several times, and its residual amount was checked by using triphenylmethane. Methylated soluble glucan was recovered through a Sep-Pak C 18 cartridge, hydrolyzed by 2.0 M TFA at 121 C for 1.5 h, and the products were reduced with NaBH 4 and subsequent acetylation. Partially methylated alditol acetates were analyzed by GC/ MS with an SP-2380 capillary column. GC/MS was performed with a 5890A gas chromatograph (HewlettPackard, Palo Alto, CA, U.S.A.) equipped with a 5970B mass-selective detector. The carrier gas was He (0.5 ml/ min), and the temperature program was 60 C for 1 min, 60 C!150 C (30 C/min), 150 C!250 C (1.5 C/ min), and 250 C for 5 min. Partially methylated alditol acetates were identified by their fragment ions and relative retention times, and their molar ratios were estimated from the peak areas and response factors of FID.
24)
Animals. Six-week-old male C57BL/6 mice (25 g, average weight) were housed in mesh-bottom plastic cages in a controlled environment and acclimatized for 1 week. They were given free access to feed and water. All the following animal experiments were performed under the guidelines of the Laboratory Animal Experiment Committee of Korea Food Research Institute.
Collecting peritoneal macrophages. After 1 week of acclimatization, a group of C57BL/6 mice were intraperitoneally injected with 1.0 ml of thioglycollate 3 days prior to collecting peritoneal macrophages. Peritoneal exudate cells were collected from the peritoneal cavity of the mice by washing three times with 3.0 ml each of RPMI1640 (Sigma, St. Louis, MO, U.S.A.). The collected cells were washed twice with RPMI1640 and then centrifuged (1,500 g, 4 C, 10 min). The cells were allowed to adhere for 2 h to a 96-well culture plate at 37 C in a 5% humidified CO 2 incubator. The cultures were then washed twice with RPMI1640 to remove the non-adhering cells.
Lysosomal phosphatase activity. After removing the non-adhering cells, 180 ml of fresh RPMI1640 containing 10% FBS and 20 ml of either lipopolysaccharide (LPS, 1 mg/ml) as a positive control or soluble glucan (30 and 60 mg/ml) was added, and the mixture incubated for 24 h at 37 C in a 5% CO 2 incubator. After removing the cell-free supernatant, to the plate was added 25 ml of 0.1% Triton X-100 and 200 ml of p-nitrophenylphosphate (NPP, 1 mg/ml), before incubating for another 30 min. The lysosomal phosphatase activity was determined by adding 50 ml of a 0.2 M borate buffer (pH 9.8) and reading the absorbance at 405 nm.
Experiment with oral administration. Acclimatized C57BL/6 mice were randomly divided into control and soluble glucan groups. Each group was further divided into subgroups of 7 mice each for the chosen intervals after administration. The mice in the control group were orally administered with 0.25 ml of water once a day, while the mice in the soluble glucan group were orally administered with 0.25 ml of soluble glucan at 100 mg/ kg of the average body weight of the mice. After the chosen interval, the mice were killed by ether anesthesia, and peritoneal exudate cells were collected as previously mentioned. The collected cells from the control and soluble glucan groups were plated at a concentration of 5 Â 10 4 cells per well in a 96-well tissue culture plate and incubated for 2 h at 37 C in a 5% CO 2 incubator, before being washed twice with RPMI 1640. After incubating for 24 h, the cell-free supernatant of the macrophages was collected and analyzed by NO, H 2 O 2 and TNF-assays.
Nitric oxide assay. The amount of stable nitrite, the end product of NO generation by macrophages, was determined by a colorimetric assay. After 24 h of incubation of the macrophages, 100 ml of the cell-free supernatant from each well was transferred to another 96-well tissue culture plate. The griess reagent (100 ml, 1% sulfanilamide in 30% glacial acetic acid and 0.1% napthylenediamine dihydrochloride in 60% glacial acetic acid) was then added. This mixture was incubated at room temperature for 10 min. The absorbance at 540 nm was read, and the nitrite concentration was determined by extrapolating from a standard sodium nitrite curve.
TNF-and H 2 O 2 assays. The TNF-and H 2 O 2 levels in the cell-free supernatant of macrophages from the control, LPS-treated and soluble glucan-fed groups were quantified by using ELISA kits (Assay Design Inc., Ann Arbor, MI, U.S.A.) according to the manufacturer's instructions.
Macrophage-mediated cytotoxicity. After removing the non-adhering cells by washing twice with an RPMI 1640 medium, to the peritoneal macrophages were added 200 ml of B16 melanoma cells (1 Â 10 4 cells/ well), and the mixture incubated for 24 h. As a positive control, 20 ml of LPS (1 mg/ml) was added together with the B16 cells to macrophages from the control group. After incubation, 50 ml of MTT (1 mg/ml) was added and the mixture incubated for another 2 h at 37 C. The viability of B16 cells, being absent or present, with cocultured macrophages from the control, LPS-treated and soluble glucan-fed groups was determined by adding 150 ml of DMSO and reading at 540 nm. The cytotoxicity (%) of the macrophages was then calculated according to the following equation:
Statistical analysis. Statistical Analysis System (SAS) software ver. 6.11 was used to perform the data analysis. All analyses were subjected to Duncan's multiple-range test at p < 0:05.
Results and Discussion

Preparation of soluble glucan
The soluble glucan was obtained by the reaction with cell-free crude GTFs from S. mutans KFRI 1172 and sucrose as a substrate, with subsequent ethanol precipitation, drying, redissolving in water, centrifugation and recovering the supernatant. The percentage conversion to soluble glucan from glucose molecules in the added sucrose was 44.8%. This means that if 100 g of sucrose is added, about 22 g can be recovered as soluble glucan. The average molecular weight of the soluble glucan was estimated to be 3 Â 10 5 according to Sepharose CL-6B gel filtration. It is generally accepted that glucans from S. mutans are composed of -linkages. When the glucan was analyzed by GC/MS after methylation and acetylation, the glucose molecules in the soluble glucan possessed 1!6 and 1!3 glycosidic linkages in a proportion of 3:1 (Table 1) . It was therefore assumed that the soluble glucan was composed of -(1!6) and -(1!3) glycosidic linkages in the either (A) or (B) conformation shown in Fig. 1 . Various sizes and structures of glucan can be produced depending on different GTFs. The overall properties of glucan also depend on the relative activity of different GTFs and their interactions, since one GTF may modify the product of another. 25) Since the soluble glucan was initially obtained from the water-soluble fraction and concentrated by ethanol precipitation, its high proportion of -(1!6) linkages can be explained by the -(1!6) linkage becomming predominant, as a glucan tends to be more water-soluble as mentioned in the introduction section.
Effect of soluble glucan on the lysosomal phosphatase activity
Phosphatase in the lysosome of macrophages is a key hydrolyzing enzyme that is abundant in highly activated phagocytes. When macrophages are activated by stimulation from mitogens such as LPS, they produce abundant phosphatase to phagocytose and hydrolyze mitogens. 26) When 30 and 60 mg/ml of soluble glucan was added to peritoneal macrophages, the phosphatase activity was increased respectively by 1.3 and 1.5 fold (Fig. 2) . This result indicates that soluble glucan acted as a mitogen to stimulate macrophages and consequently make them produce more phosphatase.
Effect of soluble glucan administration on the oxidative products of macrophages
The effect of orally administered soluble glucan on NO and H 2 O 2 production was examined. When macrophages are activated, their production of reactive oxygen species (ROS) such as NO and H 2 O 2 is also accelerated in general. NO has been identified as an important messenger involved in the destruction of tumor cells by activated macrophages. 27) However, no significant change in NO production by the soluble glucan-fed group was apparent as shown in Fig. 3 . The production of H 2 O 2 , however, was significantly increased by the oral administration of soluble glucan (Fig. 4) . H 2 O 2 production by the soluble glucan group was even higher than that by the LPS-treated group (positive control) during the experimental period. When environmental agents that are foreign to a body, such as pathogens, invade the body, phagocytes try to phagocytose these foreign agents, resulting in rapid increase in oxygen consumption. The absorbed oxygen is consequently turned into reactive oxygen intermediates (ROI) such as Total 100
a Calculated from the peak area and molecular response factor of each partially methylated alditol acetate by GC and GC/MS. H 2 O 2 by enzymes located in the cell membrane of phagocytes. 28) These ROI play an important role as antimicrobial and cytotoxic agents against invading microbes. In a previous report describing the ability of various polysaccharides to generate H 2 O 2 from macrophages, such -glucans as yeast glucans were able to stimulate significant H 2 O 2 production, whereas gelforming -glucans such as letinan and grifolan had no triggering effect on the macrophages in vitro.
11)
Effect of soluble glucan administration on production of TNF-TNF-is a cytokine produced mainly by activated mononuclear phagocytes that function to stimulate the C, control group; LPS, LPS-treated group; S.G, soluble glucan-fed group. Ã Significant difference from the control group at p < 0:05.
recruitment of neutrophils and monocytes to sites of infection and to activate these cells to eradicate microbes. 29, 30) As shown in Fig. 5 , the production of TNF-was also significantly increased by soluble glucan administration. The change in TNF-production was constant in both the control group (538-555 pg/ml) and soluble glucan group (585-596 pg/ml) during the experimental period. Some polysaccharides are known to activate the production of cytokines of human and murine macrophages. Polysaccharides from Echinacea purpurea have increased the production of TNF-, IL-1, IL-6 and IL-10 of human macrophages. 31 ) Acidic polysaccharides isolated from Phellinus linteus have also enhanced the intracellular TNF-production in a dose-dependant manner.
32)
Effect of soluble glucan administration on the macrophage-mediated cytotoxicity
To examine the effect of orally administered soluble glucan on the antitumoral activity of macrophages, peritoneal macrophages obtained from the soluble glucan-fed group were co-cultured with B16 cells for 24 h. B16 cells were used as the target tumor cells since they are either NO or TNF-sensitive. As shown in Fig. 6 , the cytotoxicity of macrophages against B16 melanoma cells was significantly increased from 66.4% (control) to 91.3% after 10 days of the soluble glucan administration. Macrophages of the soluble glucan-fed group still maintained higher cytotoxicity against B16 cells (53.3%) after 15 days than that of the control group (42.8%). Since the number of macrophages was adjusted to 5 Â 10 4 cells in both the control and glucan-fed groups, the higher cytotoxicity of macrophages in the soluble glucan-fed group indicates stronger suppressing activity per macrophage against B16 melanoma cells. In conclusion, we hypothesize from the results of this study that oral administration of soluble glucan activated peritoneal macrophages, thus enhancing the cytotoxicity against B16 melanoma cells by releasing such cytotoxic 
